We propose an alternative scheme for one-step implementing three-qubit controlled phase-flip gate of spin qubits in spatially separated double quantum dots with a superconducting stripline resonator (SSR). Due to the switchable coupling effect between the double quantum dots and SSR, the present scheme could be easily generalized for multi-qubits. The feasibility of the present scheme is characterized by exact numerical simulations that incorporate various sources of experimental noise. Our results show the possibility to realize this proposed scheme within current experimental technologies.
Introduction
In the recent years, quantum computation has attracted much attention since it is much more efficient than its classical counterpart in processing certain tasks [1] . Many current efforts in exploring quantum computation are mainly based on externally controlled qubit-qubit interactions in various systems, such as trapped ions [2] , cavity QED [3] , superconducting circuits [4] , semiconductor quantum dots [5] , linear optics [6] , etc. On the other hand, multiqubit controlled operations, such as multiqubit controlled-Not gates and multiqubit controlled phase-flip (CPS) gates [7] [8] [9] , are very useful for quantum computation. As is well known, any quantum computation can be decomposed into a series of single-qubit and two-qubit logic gates [10] . However, the procedure of decomposing multiqubit gates into the elementary gates becomes so complicated as the number of qubits increases that much effort would be depleted for error correction [11] . Thus it becomes important for a direct implementation of multiqubit operation.
Semiconductor quantum dots have been considered as one of a promising candidates for realizing quantum information processors as they are scalable and compatible to the present semiconductor technology [5] . Recently, twoelectron spin states in double quantum dots have attracted much interest. The initialization, manipulation, and detection of these two-electron spin states have been theoretically analyzed and experimentally demonstrated [12, 13] . It is argued that by encoding in singlet and triplet states of quantum molecule, qubits can be protected from lowfrequency noise and the dominant source of decoherence from hyperfine interactions can be suppressed [14] [15] [16] [17] [18] [19] . However, scalability is the main obstacle in semiconductor quantum dot systems, such as the generation of multiqubit entangled states and the realization of multiqubit controlled operations. Recently, several authors have introduced a technique to electrically couple electron charge states or spin states associated with semiconductor double quantum dots to a transmission line resonator (TLR) via a capacitor [20, 21] . The qubit is encoded on the quantum double-dot triplet and singlet states. The interaction Hamiltonian between the qubits and the TLR can be described as a standard Jaynes-Cumming (JC) model [22] . In this regards, we note that schemes for preparing quantumdot cluster states with a superconducting transmission line resonator have been proposed [23, 24] . More recently, we have also noticed that a spin dynamics in InAs nanowire QDs coupled to a transmission line via the spin orbit interaction has been studied [25] . The universal set of gates including single-and two-qubit gates have also been proposed by encoding quantum information in the superpositions of double-dot singlet states [26] [27] [28] .
In this work, we propose an efficient scheme for onestep implementing a three-qubit CPS gate for semiconductor quantum computation based on spin states in double quantum dots realized in the nanowires coupled to a superconducting stripline resonator. Comparing with the other previous schemes for quantum computation in the similar physical system, we find our scheme has the following merits. Firstly, compared to the previous schemes which make use of single dots or double quantum dots defined by a two-dimensional electron gas [20, 29, 30] , our proposal is more realistic for implementation. It is difficult to prevent absorption of microwaves in the twodimensional electron gas unless one can make the electric field non-zero only in the double quantum dots region, which is not yet realistic experimentally. Secondly, different from the proposals for two-qubit operation [26] [27] [28] , we mainly focus on the implementation of multiqubit CPS operation via entangling the singlet and the triplet spin states based on the coupling effect between the resonator photon and the effective electric dipole of double quantum dots (DQDs). Thirdly, the present scheme does not use the photon mode as the data bus and only requires a single resonant interaction of the DQD with the SSR mode. Thus the model is simpler than the scheme of Ref. [24] and requires a shorter reaction time. The simplification of the procedure and decrease of operation time are important for suppressing decoherence. Finally, the three-qubit CPS gate is carried out only in one-step implementation without any other single-qubit gate operation, which simplifies the gating operation from view of experiment. Furthermore, we analyze the dominant noise source in our scheme by including the charge-based dephasing and relaxation as well as the spin phase noise due hyperfine coupling and the photon loss. By numerical analysis including noise sources, we show that the proposed CPS gate operation can be implemented with high fidelity with current experiment conditions.
The implementation of controlled phase-flip gate
Let us consider the system with two electrons located in adjacent QDs inside a semiconductor nanowire, coupled via tunneling shown in Figure 1 . Imagine one of the dots is capacitively coupled to a SSR. A modest external magnetic field along the axis splits the spin- Figure 1 . The double-dot system can be described by an extended Hubbard Hamiltonian
number operator, and ∆ is an energy offset yielded by the external electric field along axis shown in Figure 1 . The first term corresponds to on-site energy E plus sitedependent field-induced corrections µ. The second term accounts for ↔ electron tunneling with rate T , and the third term is the on-site charging cost U to put two electrons with opposite spin in the same dot. The fourth term corresponds to inter-site Coulomb repulsion, where W is the Coulomb repulsion energy. Throughout our scheme, the qubit state | is decoupled to the SSR due to the large energy gap J. The Hamiltonian in units of¯ = 1 can be reduced aŝ
with the energy offset ∆, degenerate perturbation theory in the tunneling T reveals an avoided crossing at this balanced point between | and | with an energy gap ω = √ ∆ 2 + 4T 2 , and the effective tunneling between the left and right dots with the biased energies ∆ is changed from T to T = ω/2. The interaction between the resonator and qubit states is switchable via tuning the electric field along axis. In the case of the energy offset yielded by the electric field ∆ ≈ 0, we obtain the maximum value of the coupling between the resonator and singlets in double dots. Whereas ∆ T , the interaction is switched off. The essential idea is to use an effective electric dipole moment of the singlet states | and | of a nanowire DQDs coupled to the oscillating voltage associated with a stripline resonator shown in Figure 1 . We consider a stripline resonator with the length L, the capacitance coupling of the resonator to the dot C , the capacitance per unit length C 0 , the total capacitance of the double-dot C , and characteristic impedance Z 0 . We assume that the dot is much smaller than the wavelength of the resonator excitation, so the interaction strength can be derived from the electrostatic potential energy of the system
with being the electron charge;ˆ † being the creating and annihilation operator for the SSR mode. The fundamental mode frequency of the resonator is ω 0 = π/LZ 0 C 0 . The resonator is coupled to a capacitor C for writing and reading the signals. By neglecting the higher modes of the resonator, the interaction between N qubits and the SSR (under the rotating-wave approximation) can be described by the Hamiltonian
with the effective coupling coefficient
It is worth noting that the interaction between the resonator and qubit states is switchable via tuning the electric field along axis. We first assume the system to be initially in the state |
1

N
=2
|0 with |0 (|1 ) the vacuum (one-photon) state of the SSR mode. We can obtain the evolution of the system
with G = 
with G = 2 1 + 2 . We now turn to the problem for constructing the three-qubit CPG based on the above equations (4-7). The three-qubit CPG U C PS = {1 1 1 1 1 1 1 −1} is carried out in the computa-
Note that the effective interactions only occur between the states and . So the auxiliary states are not involved in the interaction throughout our scheme. As a result, the states 
Numerical simulations and discussions
To consider the possibility of the implementation of our proposed scheme with current experimental technologies, we first analyze the dominant noise source in our system by including the charge-based dephasing and relaxation as well as the spin phase noise due to hyperfine coupling and the photon loss. In the spin boson model, the perturbation theory gives an overall error rate from the charge relaxation (caused by coupling qubits to a photon bath) 1/T 1 , in which one can estimate the relaxation time T 1 ∼ 1µs [20] . The charge dephasing 1/T 2 rises from variations of the energy offset ∆( ) = ∆ + ( ) with ( ) ( ) = ωS(ω)exp[ ω( − )], which is caused by the low frequency fluctuation of the electric field. The gate bias of the qubit drifts randomly when an electron tunnels between the metallic electrode. At the zero derivative point (∂ω/∂∆ = 0), compared to a bare dephasing time T = 1/ ωS(ω), the charge dephasing is T 2 ∼ ωT 2 . The bare dephasing time is about T ∼ 1 ns reported in the Ref. [31] . Then we can estimate the charge dephasing as T 2 ∼ 10 − 100 ns. Using quantum control techniques, such as better high-and low-frequency filtering of electronic noise, T exceeding 1µs was reported in Ref. [32] . The hyperfine interactions with the gallium arsenide host nuclei causes nuclear spin-related dephasing T * 2 . The evolution of the random hyperfine field is several orders slower than the electron spin dephasing, thus it can be treated as a static quantity. The main decoherence caused by hyperfine coupling is the dephasing between the singlet state | and one of the triplet state | . The dephasing time can be obtained by quasistatic approximation as T * 2 = 1/( µ B ∆B ) with ∆B the nuclear hyperfine gradient field between two coupled dots ( means a root-mean-square time-ensemble average). A measurement of the dephasing time T * 2 ∼ 10ns was observed [32] . In addition, the quality factor Q of the superconducting resonator in the microwave domain can be achieved 10 6 [33] . The dissipation of the resonator ω 0 /Q leads the decay time about 1µs with the parameters ω 0 = 2π × 10 GHz (thus the coupling coefficient ∼ 2π × 100 MHz is achievable). In contrast, the present three-qubit CPS gating time is = π/ 1 = 5ns. As a result, the present schemes are feasible under current experiment conditions. This also implies that one can neglect the influence from the charge-based dephasing and relaxation. In addition, we should note that the function distortion of the SSR is another reason which causes the noise. The input to the SSR is a coherent field which can be described as
where ( ) describes the input pulse shape with normalization We can obtain ˆ ( ) = tr(ρˆ ( )) from the master equation. Then the output ampitude β and the coresponding pulse shape ( ) can be determined.
The mismatching of the input and output pulses for the initial state | can be defined as
. For the initial state of the system
the output state of the system can be ψ ∝
Without loss the generality, we assume a Gaussian shape for the input pulse with ( )
] with the pulse duration τ = 10/κ. In the typical experimental configurations as shown in Figure 1 , we choose the effective coupling coefficients ( 1 2 3 )/2π = (100 100 10) MHz, the charge relaxation rate 1/T 1 = 1 MHz, and the dephasing rate 1/T 2 = 10 MHz [33] . We show in Figure 2 the fidelity of the three-qubit CPS gate U C PS as a function of the mean photon number¯ of the input state. As shown in Figure 2 , the fidelity slightly decreases with the increase of the mean photon number . For a remarkable amplitude of the coherent input pulse β = 20, however the fidelity can be higher than 97%. We show in Figure 3 the fidelity of the U C PS versus the decay rate κ with the amplitude of the coherent input pulse β = 25, which illustrates that the high fidelity can be substantially retained. As for the feasibility of the proposed schemed, we can analyze a gate defined by the double-quantum dot device as an example, which is fabricated using a GaAs/AlGaAs heterostructure grown by the molecular beam epitaxy with a two-dimensional electron gas 100 nm below the surface, with density 2 × 10 11 cm 2 [34] . The quantum-mechanical tunneling T between the two quantum dots is about T 0 ∼ 150 µeV [35] . Thus the energy gap between the singlets is about ω ∼ 2T 0 ∼ 72 GHz. The DQDs can be placed within the resonator formed by the transmission line to strongly suppress the spontaneous emission. The stripline resonator in coplanar waveguides with Q > 10 6 have already been demonstrated in Ref. [33, 36, 37] . A small diameter and long-length of the quantum dot is about 65 nm and 270 nm, respectively. We assume that the SSR is 3 cm long and 10 µm wide, Z 0 = 50 Ω, which implies for the fundamental mode ω 0 = 2π × 10 GHz. The external magnetic field along axis is about B = 1T to make sure the energy splitting E ∝ B between the two triplet states |T ± is larger than ω. The capacitive coupling of the resonator to the dot is about C ≈ 2C = 400 aF. In practice, for ω 0 = 2π × 10 GHz, Z 0 = 50Ω, L = 3 cm, the coupling coefficient ∼ 2π × 125 MHz is achievable by the numerical estimations. We should noted that the frequency ω 0 and coupling coefficient can be tuned by changing LC 0 .
Conclusion
Before conclusion, we note that there are some relevant works on realization of three-qubit CPS gates (for example [38] ) in other physical system. The scheme for three-qubit CPS gates in Ref. [38] is based on the coupling between three NV centers and a whispering-gallery mode cavity by virtue of the Raman transition, in which the cavity field and the assistant classical field are required coupling the relative transition simultaneously. Unlike this scheme, our idea is quite straightforward because no classical laser field is involved, and thus the required interaction time is very short due the resonant interaction. To summarize, we present an alternative scheme for one-step implementing the three-qubit CPS gates with singlet-triplet spin qubits coupled to a microwave SSR. The feasibility of the present scheme is characterized through exact numerical simulations including various sources of experiment noise. These numerical results show the fidelities of the three-qubit CPS gate will eventually be unity current achievable experimental parameters. If the singlet-triplet spin qubits are appropriately coupled to the SSR, the scalability of this scheme to multi-qubits, with more than three qubits, is a straightforward extension.
